This paper elucidates dynamic effects of phase transitions and thermal expansion on pyroelectric energy conversion. The Olsen cycle was performed on [001]-oriented 0:72PbMg 1=3 Nb 2=3 O 3 -0:28PbTiO 3 (PMN-28PT) single crystals at different frequencies with electric field cycled between 0.2 and 0.75 MV/m and temperature between 22 and 140 C. The measured energy density more than doubled as frequency increased from 0.0173 to 0.0211 Hz. This was attributed to secondary pyroelectric effect caused by thermal expansion. At 0.0211 Hz, the samples transitioned from pseudocubic to highly polarized tetragonal phase during cooling. At lower frequency, it underwent additional phase transition from tetragonal to less polarized monoclinic phase. The rising awareness and research in sustainable and efficient energy technologies has stimulated efforts in harvesting thermal energy that would otherwise be wasted. The Olsen cycle 1 performed on pyroelectric materials relies on time-dependent temperature oscillations to convert thermal energy directly into electricity. Pyroelectric materials possess a temperature-dependent spontaneous polarization defined as the average electric dipole moment per unit volume in the absence of an applied electric field.
The rising awareness and research in sustainable and efficient energy technologies has stimulated efforts in harvesting thermal energy that would otherwise be wasted. The Olsen cycle 1 performed on pyroelectric materials relies on time-dependent temperature oscillations to convert thermal energy directly into electricity. Pyroelectric materials possess a temperature-dependent spontaneous polarization defined as the average electric dipole moment per unit volume in the absence of an applied electric field.
2 Fig. 1 shows the isothermal bipolar hysteresis curves (D-E loops) between the electric displacement D and electric field E exhibited by a typical pyroelectric material at two different temperatures T cold and T hot . These so-called D-E loops traveled in the counter-clockwise direction. The electric displacement D of a pyroelectric material at temperature T under high electric field E can be expressed as 3, 4 DðE; TÞ ¼ 0 r ðTÞE þ P s ðTÞ;
where o is the vacuum permittivity (¼ 8:854 Â 10 12 F=m) and r ðTÞ is the large-field dielectric constant. The saturation polarization P s ðTÞ is equal to the electric displacement extrapolated to zero electric field in the linear region of D vs. E observed under high field 5 and the slope of this linear fit corresponds to the product 0 r ðTÞ. The remnant polarization P r is another important property defined as the polarization of the material upon removal of the electric field. The Curie temperature T Curie is defined as the temperature at which a ferroelectric material undergoes a phase transition from ferroelectric to paraelectric and corresponds to a maximum in the real part of the complex dielectric constant. 6 The Olsen cycle consists of two isothermal and two isoelectric field processes in the D-E diagram. 1 The first process of the Olsen cycle corresponds to an increase in electric field from E L to E H at constant temperature T cold . The second process consists of heating the material from T cold to T hot under constant electric field E H . The third process corresponds to a decrease in the electric field from E H to E L at constant temperature T hot . Finally, the cycle is closed by cooling the material from T hot to T cold under constant electric field E L . The generated energy density N D is defined as the electrical energy produced per unit volume of the material per cycle (in J/l/cycle). It is defined as
The power density P D is the amount of energy generated by the pyroelectric material per unit volume per unit time. It is expressed in W/l and defined as P D ¼ N D f , where f is the overall cycle frequency defined as
where s ij is the duration of process i-j. Kandilian et al. 7 derived a model estimating the energy density generated by relaxor ferroelectrics undergoing the Olsen cycle given by where r ðT C Þ and r ðT H Þ are the low-frequency ($0:1 Hz) large-field dielectric constants of the pyroelectric material at the cold and hot source temperatures T C and T H , respectively. The last term on the right-hand side of Eq. (3) represents the contribution of the secondary pyroelectric coefficient to the generated energy density due to dimensional changes in the crystal structure caused by temperature changes. Here, d 33 is the piezoelectric coefficient of the single crystal (in C/N) and s 33 its elastic compliance (in m 2 =N). The strain resulting from temperature change from T C to T is defined as
dT, where a 3 ðTÞ is the thermal expansion coefficient (in K À1 ). This model was validated against experimental data collected on 0:68PbMg 1=3 Nb 2=3 O 3 -0:32PbTiO 3 (PMN-32PT) single crystal samples 7 using r ðTÞ and P s ðTÞ reported in the literature. 5 The authors observed that the Olsen cycle exceeded the bounds of the isothermal D-E loops at the silicone oil bath temperatures T C and T H . They attributed this to the secondary pyroelectric effect occurring during the heating process 3-4 featuring a rhombohedral to tetragonal phase transition. Equation (3) was also validated with 0:945PbZn 1=3 Nb 2=3 O 3 -0:055PbTiO 3 (PZN-5.5PT) single crystal samples 8 and with lanthanum-doped zirconate titanate (8/65/35 PLZT) ceramics. 9 But then, the thermal expansion term was ignored because the Olsen cycle fell within the bounds of the isothermal D-E loops at T C and T H . The goal of this model was to rapidly characterize the energy density of materials undergoing the Olsen cycle without physically having to perform the cycle. However, without performing the cycle, it is currently unclear whether to include the thermal expansion term in predicting N D using Eq. (3). This problem is due to a lack of understanding of the physical phenomena taking place during the cycle which is exacerbated by experimental uncertainty in the actual sample temperature which may differ from the bath temperatures.
Herklotz et al. 10 reported the phase diagram of [001]-poled PMN-28PT single crystals in the electric field vs. temperature (E-T) diagram under zero compressive stress. The phase boundaries were found to be dependent on both E and T.
10 PMN-28PT successively assumed the phases rhombohedral (R), monoclinic M A , monoclinic M C , tetragonal (T), and cubic (C) as temperature increased from 22 to 165 C. The polarization vector was oriented in the (111), (110), (010), and (001) directions for the R, M A ; M C , and T phases, respectively. 10, 11 This corresponds to continuous rotation and increase in polarization with each phase transition from the R phase to the T phase. 12 Note that some samples did not transition into the M C phase. 10 Furthermore, the ferroelectricparaelectric phase transition under zero field occurred at T Curie ¼ 126 C. 10 Above T Curie , a pseudocubic (PC) phase (paraelectric) existed featuring local lattice distortions. 13 However, even at temperatures above T Curie , an applied electric field can cause the growth of ferroelectric domains in the T phase from the paraelectric pseudocubic phase.
14 This phenomenon is apparent in the double hysteresis loops in the D-E diagram. 15 As the temperature increases above T Curie , the paraelectric state becomes more and more stable and the electric field required to induce the ferroelectric state increases. 10 Zhou et al. 16 reported d 33 and s 33 at room temperature to be 2365 pC/N and 86:46 pm 2 =N, respectively. Slodczyk 17 reported that the lattice parameter a T of [001]-oriented PMN-28PT increased as the temperature increased from 0 to 110 C under zero electric field. It decreased slightly around 110 C and then increased further with temperature up to 320
C. This paper aims to elucidate the dynamic effects of thermal expansion and field induced phase transitions on the energy density generated during the Olsen cycle. It identifies the circumstances under which the contribution of the secondary pyroelectric effect is important.
Single crystal PMN-28PT samples were purchased from Sinoceramics LLC State College, PA, USA. The dimensions of the samples were 5 Â 5 Â 3 mm 3 . The two 5 Â 5 mm 2 faces of the samples were entirely coated with Cr/Au electrodes. The samples were oriented and poled in the [001]-direction. The Olsen cycle was performed using an experimental setup consisting of the electrical and thermal subsystems described in detail in Refs. 7 and 18. In brief, the thermal subsystem was composed of two isothermal silicone oil baths held at constant and uniform temperatures T C ¼ 22 C and T H ¼ 140 C. The electrical subsystem consisted of a highvoltage power amplifier and a Sawyer-Tower circuit. 19 Note that the sample temperature was not measured to avoid electrical conduction between the thermocouple and the sample. Alternatively, the lumped capacitance approximation 20 can be used to predict the sample temperature T s ðtÞ after it is transferred from the hot silicone bath at T H ¼ 140 C to the cold one at 22 C during the Olsen cycle. It is valid when the Biot number, defined as Bi ¼ h(t) L/k, is much smaller than 1.0, where h(t) is the time-dependent heat transfer coefficient, L is the sample characteristic length, and k is its thermal conductivity. The energy conservation equation is given by qc p VdT s =dt ¼ ÀhðtÞA s ðT s À T C Þ, where A s and V are the surface area and volume of the sample, i.e., A s ¼ 1:1 cm 2 and V ¼ 0:075 cm 3 . The heat transfer coefficient h(t) due to natural convection was estimated based on a correlation given in Ref. 21 to find an analytical expression for T s ðtÞ presented in supplementary material. 26 First, isothermal bipolar D-E loops were collected by applying a triangular voltage signal at 0.1 Hz across the single crystal samples in silicone oil baths between 22 and 170 C by increments of 10 C. This corresponded to an electric field varying from À0.75 to 0.75 MV/m. The saturation polarization P s ðTÞ and the large-field dielectric constant r ðTÞ were retrieved by fitting the linear portion of each D-E loop corresponding to electric field decreasing from 0.75 to 0.2 MV/m with Eq. (1) 
Here, a 3 ðTÞ for PMN-28PT was computed numerically using a third order polynomial spline fit of the experimental data reported by Slodczyk 17 
C were reported in the literature. 16 The strain x 3 was estimated between 22 and 90 C as well as between 22 and 140 C from the lattice parameter reported by Slodczyk, 17 as previously discussed. It should be noted that x 3 between 22 and 90 C represents more than 70% of its value between 22 and 140 C. In addition, P s ðTÞ and r ðTÞ were retrieved from the D-E loops at 22, 90, and 140 C based on Eq. (1). Fig. 2 shows the isothermal bipolar D-E loops taken at 22, 90, and 140 C. The D-E loops at 22 and 90 C featured high remnant and saturation polarizations, indicating that the sample was in a ferroelectric state. Interestingly, the D-E loop at 90 C saturated at a displacement approximately 20% larger than that at 22 C. The D-E loop at 140 C showed double hysteresis characterized by paraelectric behavior (in pseudocubic phase) at low electric field and ferroelectric behavior at high electric field, due to field-induced phase transition. C at electric field 0.75 MV/m, as performed by Olsen and Evans. 23 Indeed, only changes in displacement could be measured during the Olsen cycle and the isothermal bipolar D-E loop at T hot typically overlaps well with that of process 3-4 in the Olsen cycle. 7, 9 The two Olsen cycles shown in Figs. 2(a) and 2(b) were performed consecutively on the same PMN-28PT sample. It should be noted that the results were repeatable from one cycle to another and among PMN-28PT samples as observed with PZN-5.5PT. 8 The Olsen cycle performed at lower frequency followed the path of the isothermal D-E loops at 22 and 140 C except during process 1-2 for electric fields between 0.65 and 0.75 MV/m. By contrast, the Olsen cycle performed at higher frequency extended beyond the electric displacement span of the isothermal D-E loops at 22 and 140 C for the entire electric field span between E L and E H . This difference can be attributed to the fact that when process 1-2 was performed at higher frequency, the sample did not have time to reach the temperature of the cold oil bath during the cooling process 4-1, i.e., T cold > T C . In fact, the D-E loop at 90 C was found to closely match the electric displacement of the Olsen cycle at 0.0211 Hz. Moreover, the Olsen cycle shown in Fig. 2(a) features spikes at points 1, 2, and 3 0 . A similar spike at point 2 was observed by Olsen and Bruno 24 with polyvinylidene fluoride. In addition, for both frequencies, points 4 and 4 0 did not fall on the same point due to leakage current through the sample at high temperature and electric field. 18, 24 The following sections explain the physical phenomena responsible for the spikes observed in the lower frequency Olsen cycle. Fig. 3 shows the electric displacement measured as a function of time for Olsen cycles performed at 0.0173 and 0.0211 Hz. States 1 through 4 0 correspond to those shown in Fig. 2 . Note that, for both frequencies, processes 1-2 and 3-4 were performed in 1.5 s while the heating time s 23 was 27 s. Thus, changes in the sample temperature during processes 1-2 and 3-4 were negligible compared with those in processes 2-3 and 4-1. For the lower frequency, the cooling time s 41 was identical to the heating time s 23 , i.e., s 41 ¼ s 23 ¼ 27 s. However, it was shorter ($17 s) for the higher frequency cycle. Thus, the sample temperature reached the hot bath temperature T H ¼ 140 C for both frequencies but did not have time to reach the cold bath temperature T C ¼ 22 C for higher frequency. In the Olsen cycle performed at 0.0211 Hz, the electric displacement reached a maximum during the cooling process 4-1 immediately before performing the isothermal charging process 1-2. In this case, the duration of the cooling process 4-1 was 17 s. However, for the cycle performed at 0.0173 Hz, the sample was held in the cold bath at 22 C for an additional 10 s for a total of 27 s before performing process 1-2. During this additional time, the material cooled down and de-poled as a result of a phase transition, and the electric displacement reached a steady state around 4 lC=cm 2 . Fig. 4 plots the Olsen cycles, performed in this study, in the E-T phase diagram of [001]-oriented PMN-28PT reported by Herklotz et al. 10 It also shows the crystalline structure of each phase and the corresponding polarization. The shaded region corresponds to conditions when the material has been electrically induced into a ferroelectric state but possesses electric displacements smaller than those of the T phase as discussed by Merz. 15 The E-T phase diagram suggests that during the cooling process 4-1 of the Olsen cycle at higher frequency of 0.0211 Hz, the material transitioned from a pseudocubic state at T hot ¼ T H ¼ 140 C to the highly polarized T phase at T cold ¼ 90 C where it remained at state 1 (on blue cycle). Indeed, the sample did not have time to reach the cold bath temperature of T C ¼ 22 C. Instead, it reached about 90 C, as suggested by the superposition of the D-E loop at 90 C and process 1-2 of the Olsen cycle shown in Fig. 2 . This was corroborated by predictions from the lumped capacitance approximation presented in the supplementary material. 26 Thus, the sample retained the polarization generated by the pseudocubic to T phase transition at state 1. On the other hand, at lower cycle frequency of 0.0173 Hz, the polarization that appeared from the pseudocubic to T phase transition (state 1 0 ) disappeared during further cooling down to T cold ¼ T C ¼ 22 C as the sample underwent subsequent phase transitions to the less polarized monoclinic phases 10 where it remained at state 1. Furthermore, at lower frequency, we speculate that the sample underwent a phase transition from M A to M C phase during process 1-2 of the cycle. Then, the deviation of the Olsen cycle from the D-E loop at 22 C near state 2 ( Fig. 2 ) can be attributed to electric-field-induced phase transition from M A to M C phase. Indeed, the M C phase is more polarized than the M A phase due to the continuous polarization rotation occurring between the R and T phases. 12 Finally, the spike between states 2 and 3 0 can be attributed to the sample transitioning from the M C phase to the T phase during the heating process 2-3 before transitioning to the pseudocubic phase at state 3 (Fig. 4) .
The energy density measured experimentally for the lower frequency Olsen cycle at 0.0173 Hz was 12.5 J/l. That predicted by Eq. (3) using properties at T C ¼ 22 C and T H ¼ 140 C reported in Table I and ignoring the thermal expansion term was 11.5 J/l. For the higher frequency Olsen cycle at 0.0211 Hz, the measured energy density was 27.6 J/l. Equation (3) predicted an energy density of 28.9 J/l using properties at T C ¼ 22 C and T H ¼ 140 C and accounting for thermal expansion between 22 and 140 C. The model predictions fell within 8.0% and 5.0% of the energy densities measured experimentally for the cycles at lower and higher frequency, respectively. This good agreement indicates that the additional energy density obtained at higher frequency can be attributed to the secondary pyroelectric effect accounted for by the thermal expansion term d 33 x 3 =s 33 estimated to be 0:033 C=m 2 . In addition, Fig. 2 suggests that the displacement in the D-E loop at 90 C between states 1 and 2 is equal to that for 22 C translated by a displacement d 33 x 3 =s 33 or P s ð90 CÞ ¼ P s ð22 CÞ þ d 33 x 3 =s 33 (see Fig. 2 ). In fact, the difference between the upper portion of the D-E loops at 90 C and 22 C for electric field decreasing from E H to E L was 0:03460:003 C=m 2 and fell within 2.9% of the estimated value of d 33 x 3 =s 33 . Consequently, using the properties r ðTÞ and P s ðTÞ in Table I and T hot ¼ 140 C and ignoring thermal expansion in Eq. (3) predicted an energy density of 29.9 J/l which fell within 8.4% of that measured experimentally at 0.0211 Hz. These results demonstrate that the D-E loops at the actual sample temperatures include the contribution of the secondary pyroelectric effect. Thus, if the actual sample temperature is known, the thermal expansion term in Eq. (3) should be ignored in predicting the energy density.
All pyroelectric materials are also piezoelectric and a positive thermal expansion corresponds to a positive change in polarization within the material as described by the secondary pyroelectric coefficient. Thus, performing the Olsen cycle on PMN-28PT between the T and pseudocubic phases, when the thermal expansion is entirely positive during cooling, resulted in larger energy density than when cooling from the pseudocubic to the monoclinic phase region, when negative thermal expansion occurs. Thus, higher energy density was achieved at higher cycle frequency by limiting the temperature swing and the phase transition from the T to the pseudocubic phase. In addition, the combination of larger energy density and higher cycle frequency resulted in larger power density. Performing the Olsen cycle at higher frequency also reduced the thermal stress on the samples which could increase their lifetime.
This interpretation was also valid for results reported for PMN-32PT, 7 PZN-5.5PT, 8 and 8/65/35 PLZT. 9 Indeed, Kandilian et al. 7 performed the Olsen cycle on [001]-oriented PMN-32PT with cold source temperature T C ¼ 80
C and E L ¼ 0:2 MV=m. These conditions were near the phase boundary between T and M C phases of PMN-32PT estimated to be at 0.2 MV/m and 85 C. 25 At 80 C, the material was likely in the M C phase featuring a polarization smaller than that of the T phase. However, for the cycle frequency considered, the samples' temperature did not fall below 85 C during the Olsen cycle. In fact, Kandilian et al. 7 performed process 1-2 as soon as the electric displacement had reached a maximum. This was identical to the way the Olsen cycle at 0.021 Hz was performed. Thus, the samples did not undergo the T to M C phase transition. Then, the presence of the T phase and the associated large polarization caused electric displacement span in the Olsen cycle to extend beyond that of the isothermal bipolar D-E loop at 80 C. 7 Finally, the energy density of the Olsen cycle could be predicted by accounting for the secondary pyroelectric coefficient in Eq. (3) using T C ¼ 80 C and T H ¼ 130 and 140 C. 7 The Olsen cycle performed on PZN-5.5PT was characterized by sample temperature larger than 100 C (Ref. 8) corresponding to the T phase for all electric fields considered according to the PZN-4.5PT phase diagram. 11 Similarly, for Olsen cycles performed on 8/65/35 PLZT ceramics with T C equal to 45 and 65 C, 9 the samples remained in the ferroelectric phase away from any phase boundaries. 9 Thus, in the absence of phase boundaries near T C and E L , thermal expansion did not contribute significantly to energy generation and could be ignored in the physical model given by Eq. (3). This resulted in good predictions of the experimental data. 8, 9 Overall, in order to maximize the energy density of the Olsen cycle while maintaining a large power density, E L and T cold should be chosen so that the material exhibits the highest electric displacement. This is not necessarily achieved by maximizing (T hot À T cold ). Instead, the material should undergo a single phase transition resulting in the highest change in polarization. In the case of PMN-28PT and PMN-32PT, this corresponds to the transition from the pseudocubic to the tetragonal phase.
